Large-pitch kagome-lattice hollow-core photonic crystal fibers (HC-PCFs) offer appealing optical properties for beam delivery and remote sensing. However, focusing their optical mode on a submicrometer spot can be challenging due to the large mode diameter and low numerical aperture of these fibers. Here, we demonstrate that a 30 μm latex microsphere directly set at the HC-PCF end-face provides an efficient means to focus the fiber mode down to a spot of 540 nm full width at half-maximum thanks to a photonic nanojet effect. The system is used for fluorescence imaging and direct laser writing on a thin absorbing layer. Potential applications include inspection of semiconductor wafers, photolithography, laser surgery, fluorescence sensing, or optical transfection.
Introduction
Hollow-core photonic crystal fibers (HC-PCFs) enable exciting new applications that go far beyond what can be achieved using conventional glass optical fibers [1] . Since the light is confined in the air core, only a small fraction of the light propagates in the glass and the effect of material nonlinearities is significantly reduced. This makes HC-PCFs attractive devices for high peak power laser pulse delivery [2] , stimulated Raman scattering [3] , four-wave mixing [4] , and coherent anti-Stokes Raman scattering [5] . The high transmission and low background noise in HC-PCF probes also hold great promise for portable Raman and/or fluorescence spectrometers [6] [7] [8] .
To further improve the HC-PCF optical properties toward broadband transmission spectrum with low attenuation, much attention is currently devoted to a new type of HC-PCF based on a large-pitch kagome lattice [1, 9] . Typically, these fibers transmit light over a 200 nm broad spectral window with transmission losses below 2 dB∕m. To achieve such astonishing optical properties, kagome HC-PCFs have a relatively large core of several tens of micrometers surrounded by a carefully designed microstructure. This structure does not present any bandgap [1] and consists of a unit cell as a star-of-David. As a consequence, the fundamental fiber mode has a diameter exceeding 20 μm, and the kagome HC-PCF numerical aperture is generally below 0.02 and ultimately limited by diffraction.
A challenge arises when the question comes to focus the light exiting the kagome HC-PCF with a compact optical system. Due to the very low numerical aperture of the kagome HC-PCF, the option of using a standard lens pair is not appropriate. Indeed, the full surface of the lenses has to be covered by the beam exiting the HC-PCF to achieve the best focus. With a numerical aperture of only 0.02, the light exiting the HC-PCF has to travel a distance exceeding 20 cm to reach a diameter of 4 mm covering the lens surface. This distance is far too large for applications requiring a compact fiber probe.
Ball lenses are commonly used for laser to fiber or fiber to fiber coupling [10] . However, these standard elements have dimensions in the millimeter range and are not well adapted for HC-PCFs. Here, we use a 30 μm latex microsphere directly set at the HC-PCF end-face in order to efficiently focus the fundamental fiber mode. Micrometer-scale dielectric spheres with a refractive index of approximately 1.6 can focus light in a beam of subwavelength transverse dimensions and low divergence termed "photonic nanojet" [11] [12] [13] . The excellent focusing properties of dielectric microspheres have attracted much attention to enhance nanoparticle backscattering [14] [15] [16] , Raman scattering [17] , single molecule fluorescence [18, 19] , and enable new applications including photolithography [20] [21] [22] , optical data storage [23] , and waveguiding [24] [25] [26] . Here, we take advantage of this "photonic nanojet" focusing effect to concentrate the light from a kagome HC-PCF with 26 μm core onto a spot with 540 nm full width at half-maximum (FWHM). This offers an attractive solution to design focusing elements matching the requirements of kagome HC-PCFs with excellent optical properties and compactness at minimal costs.
Fabrication
The large-pitch kagome-lattice fiber is fabricated using the conventional stack-and-draw technique [1] . Figure 1 (a) shows a scanning electron micrograph (SEM) of its end-face. The distance between two opposite glass structures forming the hollow core is 26 μm. The transmission spectrum, measured by the cutback technique, is shown on Fig. 1(b) . The main transmission band has a loss below 1 dB∕m spanning over a 150 nm wide range, with a minimum loss of 0.31 dB∕m at 630 nm.
A single 30 μm latex microsphere (Fluka Chemie GmBH, dispersion <0.1%, refractive index 1.59) is partly inserted inside the HC-PCF core. This size was chosen so as to adapt the microsphere diameter to the HC-PCF core dimension. To do so, isolated microspheres are dispersed and dried on a glass slide, then the HC-PCF end-face is gently pressed over a microsphere with the aid of a three-axis micrometer translation stage under visual control with an optical microscope. Figure 1(c) shows optical micrographs of the HC-PCF-microsphere combination. Once inserted into the HC-PCF core, the microsphere remained stable over extensive experiment series during several days.
Experimental Results
To investigate the focusing abilities of the HC-PCF microsphere, we record the fluorescence image obtained while scanning a sample made from dispersed fluorescent nanospheres of 20 nm dried on a glass substrate [ Fig. 2(a) ]. The excitation beam is provided by a linearly polarized CW He-Ne laser operating at 633 nm, which is coupled into the 1.5 m long HC-PCF by a 150 mm lens, matching the 0.02 NA of the HC-PCF. The total transmission of the HC-PCF is about 60% (including coupling and transmission losses). The 30 μm microsphere used for laser focusing also collects the fluorescence light and couples it into the HC-PCF, where both laser and fluorescence beams are counterpropagating. Fluorescence detection is finally performed by an avalanche photodiode after a dichroic mirror and a 670 20 nm bandpass filter. Fig. 2(c)] , whose shape appears correctly fitted by a Gaussian function [ Fig. 2(d) ]. The lateral FWHM is 540 nm, and the longitudinal FWHM is 4 μm, as deduced by threedimensional scanning the nanosphere object.
The experimental PSF deduced from fluorescence scans can be compared to numerical simulations based on the finite-difference time-domain method (Fig. 3) . Our simulations use the commercial software Rsoft Fullwave version 6.0, with 20 nm mesh size and perfect matched layers boundary conditions. The 30 μm sphere has a refractive index of 1.59, while the surrounding medium is air. The sphere is illuminated by a Gaussian-shaped beam at λ 633 nm with 14 μm transverse waist size (radius at 1∕e 2 ), corresponding to the HC-PCF fundamental mode. Figure 3 shows the computed electric field intensity. The transverse and axial FWHMs are 485 nm and 3.3 μm, respectively, that are close to the FWHMs measured experimentally. These values confirm the excellent focusing properties of the latex microsphere given the very simple optical device.
As a proof-of-principle demonstration of direct laser writing, we use the HC-PCF-microsphere system to illuminate an optically thick layer of carbon nanoparticles (Pentel N50, Tokyo, Japan) deposited on a glass slide. The CW laser power is 10 mW at the HC-PCF input, the laser intensity at the microsphere focus is estimated at 760 kW∕cm 2 . In the absence of laser irradiation, the nanoparticle layer has an optical transmission of about 20%. After irradiation by the laser light from the HC-PCF microsphere, the carbon nanoparticles are removed from the laser spot, and the optical transmission through the sample is recovered. By scanning the sample respective to the HC-PCF microsphere, different patterns can be written. For example, Fig. 4(a) shows the optical transmission image after a 3 × 3 matrix has been written. In this demonstration, each spot measures about 1 μm FWHM [ Fig. 4(b) ]. We point out that narrower features should be achieved after optimization of the laser power and the resin deposition. Ultimately, the resolution is expected to be slightly below to the FWHM of the PSF measured in Fig. 2(c) [20] .
Conclusion
Photonic crystal fibers have high potentials for future applications. Here we report for the first time the possibility to generate a photonic jet at the end-face of a photonic crystal fiber. A 30 μm latex microsphere directly set at the HC-PCF end-face provides an efficient solution to the challenge of focusing light from a large-core and low-NA HC-PCF. The focal spot FWHM of 540 nm achieves focusing abilities close to the diffraction limit of an objective lens with 0.5 NA [27] . An additional advantage of the microspheres is provided by their simple integration with the HC-PCF currently used as a flexible delivery systems. Potential applications of these microprobes include inspection of semiconductor wafers [28] , photolithography [20] , laser contact surgery [29] , fluorescence sensing [30] , and optical transfection [31] .
